BACKGROUND AND PURPOSE: Therapeutic carotid occlusion is an established technique for treatment of large and giant aneurysms of the ICA, in patients with synchronous venous filling on angiography during BTO. Concern remains that hemodynamic alterations after permanent occlusion will predispose the patient to new ischemic injury in the ipsilateral hemisphere. The purpose of this study was to assess whether BTO with synchronous venous filling is associated with normal CBF long term after carotid sacrifice.
F
or large and giant aneurysms of the ICA, therapeutic carotid artery balloon occlusion is a safe and effective therapy in patients tolerating sacrifice of the carotid artery.
1,2 Different methods (including positron-emission tomography, singlephoton emission CT, xenon-enhanced CT, and BTO with clinical or angiographic evaluation) have been used to identify patients at risk of developing cerebral ischemia after permanent ICA occlusion. 3, 4 Field et al 5 reported that therapeutic ICA occlusion can result in cerebral infarction despite normal clinical BTO results, and they evaluated outcome in patients who underwent clinical BTO combined with quantitative CBF analysis with xenon-enhanced CT. They concluded that this combined method was a reliable technique for identification of patients at risk of ischemic infarction. 5 Tolerance to carotid artery occlusion can also be evaluated reliably by angiographic BTO. 1 In a large consecutive series, it has been demonstrated that synchronous venous filling during BTO (a Ͻ0.5-second delay of opacification between the cortical veins of the occluded side and the contralateral side) has a high positive predictive value (98%) for tolerance to ICA occlusion. 2 After tolerance to test occlusion, acute and delayed symptomatic ischemic events have been described occasionally. 6, 7 Some concern remains that hypoperfusion after permanent carotid artery occlusion will predispose the patient to the formation of new ischemic injury in the ipsilateral hemisphere, resulting in overt or silent infarction. [7] [8] [9] In the case of silent infarction, focal neurologic symptoms are absent, while ischemic injury is visible on MR imaging. The prevention of these so-called silent infarcts is important because they appear to be associated with neurocognitive decline. 10 Thus far, to our knowledge, no literature is available on actual CBF measurements long term after therapeutic occlusion in patients who passed the angiographic BTO.
ASL is a noninvasive MR perfusion imaging technique that uses arterial blood water protons as an endogenous tracer of flow. 11 By acquisition and subtraction of images, with and without previous magnetic labeling of arterial blood water protons, perfusion images are obtained that are used for quantitative estimation of CBF. Previous studies have demon-strated that ASL could be of high value to measure perfusion impairment and identify patients at risk for ischemic events. 12, 13 By acquiring images at increasing delay times after initial labeling, ASL can be used to assess the temporal characteristics of the inflowing arterial blood such as the arrival time (the time from initial labeling until arrival of the labeled bolus in the brain parenchyma) and the trailing edge time (the time between initial labeling and clearance of the labeled bolus from the brain parenchyma). 14, 15 Bokkers et al 16 were the first to use this technique in patients with symptomatic carotid artery occlusion and measured significant differences in CBF and timing parameters between hemispheres ipsilateral and contralateral to the occlusion side. Recently, a similar technique was used by Macintosh et al, 17 who found that prolonged arterial arrival times resided in the affected hemisphere of patients with minor stroke or transient ischemic attack, though functional impairment and lesions on diffusion-weighted imaging were limited.
The purpose of the current study was to assess whether BTO with synchronous venous filling is associated with normal CBF long term after therapeutic occlusion of the ICA for large and giant carotid artery aneurysms. Therefore, we used ASL to measure CBF and timing parameters of arterial blood in patients who underwent therapeutic ICA occlusion for large or giant aneurysms and who tolerated the angiographic BTO. Because the risk of late ischemic complications is largely dependent on the adequacy of the collateral circulation, we also measured collateral flow via the circle of Willis.
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Materials and Methods
Patients
The local ethics committee approved the study protocol. Between January 2003 and November 2009, 24 consecutive patients were treated with ICA balloon occlusion for carotid aneurysms. Previous to permanent occlusion, patients had undergone test occlusion of the ICA. During test occlusion, angiography of the contralateral ICA or vertebral artery was performed. Synchronous venous filling (a Ͻ0.5-second delay of opacification between the cortical veins of the occluded carotid artery and the cortical veins of the territory of the examined artery) was considered a predictor for tolerance of permanent occlusion. If collateral flow was mainly via the AcomA, the venous phase of both cerebral hemispheres had to be synchronous on angiograms of the contralateral carotid artery. If collateral flow was mainly via the PcomA, the venous phase of the tested cerebral hemisphere had to be synchronous with filling of the cerebellar and temporo-occipital cerebral cortical veins on vertebral angiography. In case of mixed collateral flow, opacified blood could be diluted, resulting in diminished attenuation of the opacification of the veins in the vascular territory of the occluded carotid artery. If the veins filled synchronously, however, the patient was considered as having passed the test. 2 If test occlusion was tolerated, the carotid artery was definitively occluded by a detachable latex balloon (Goldvalve No. 16, Nycomed, Paris, France; and Goldbal 1 and 2, Balt, Montmorency, France) positioned just proximal to the aneurysmal neck, and a second safety balloon was detached in the proximal ICA. In 4 patients, (additional) coils were used for occlusion. No clinical sequelae after occlusion had been reported.
Of the 24 patients who had been treated, 3 were excluded because age older than 70 years was considered an exclusion criterion. In December 2009, 21 patients younger than 70 years of age (20 women, 1 man) were sent an invitation to participate in a long-term MR imaging follow-up study. Two patients were lost to follow-up, 6 patients did not want to participate, and 13 patients were willing to participate with written informed consent obtained. Two of these 13 patients were claustrophobic and were, therefore, excluded from participation. The remaining 11 patients were all women with a mean age of 50.5 years (range, 32.7-65.1 years). All patients except 2 initially presented with cranial nerve palsy (see the 
MR Imaging
MR imaging was performed on a 3T Philips MR imaging system (Philips, Best, the Netherlands) by using a sensitivity encoding For ASL with a single TI, pCASL was used with additional background suppression pulses and a 2100-ms postlabeling delay. 19 Velocity-encoding was performed in 3 directions simultaneously by using a 4-point method (100 cm/s in each direction). To avoid motion artifacts, we kept the temporal resolution low (4 cardiac phases), and the total scan duration did not exceed 4 minutes.
Data Analysis
All MR imaging and MRA studies were interpreted by 2 experienced neuroradiologists in consensus (C.B.M. and R.v.d.B.) and were compared with the MR imaging and digital subtraction angiograms at the time of carotid artery occlusion to assess the anatomy of the circle of Willis and the incidence of de novo ischemic lesions. Functional MR Imaging Software Library (http://www.fmrib.ox. ac.uk) and Matlab (MathWorks, Natick, Massachusetts; http://www. mathworks.com) were used for off-line processing of ASL data. Subtraction of labeled and control ASL images yielded whole-brain perfusion-weighted images. Selective ASL scans were processed according to the methods proposed by Wong and Kansagra. 25 Voxels with a similar relative labeling efficiency were identified. Subsequent subtraction of the nonlabeled image and the selectively labeled images rendered 2 flow maps, visualizing the actual territorial contribution of the ICA and the BA. By 3D affine registration, standard perfusion templates of the ACA, MCA, and PCA were registered to the perfusion-weighted images of individual patients. After segmentation of perfusion-weighted images into flow territories, cerebral perfusion was quantified for all flow territories. Quantification of CBF and arterial timing parameters was performed according to the methods previously described by our study group. 12, 14, 19, 22 For quantification of CBF, we used a 2-compartment model, taking the difference between the T1 of arterial blood and the T1 of brain tissue into account. 26 CBF between hemispheres and flow territories of individual patients was compared by calculating the percentage of the difference between the 2 hemispheres or flow territories. GT-Flow (Gyrotools, Zurich, Switzerland) was used to assess flow in semiautomatically defined regions of interest placed in and perpendicular to the different circle of Willis arteries (remaining ICA, BA, A1 segments of both ACAs; M1 segment of both MCAs; and P1 segment of both PCAs). Flow was defined in all regions of interest. On the basis of MRA, flow maps, and flow measurements in the circle of Willis arteries, different types of collateral flow via the circle of Willis were identified. For each collateral flow type, the distribution of arterial blood across the cerebral arteries was calculated as a percentage of total flow in the cerebral arteries.
Differences in CBF and timing parameters were tested for significance by using paired t tests (with P values Ͻ .05 regarded as significant; Statistical Package for the Social Sciences, Version 16.02, SPSS, Chicago, Illinois). 
Results
Clinical, Angiographic, and Structural MR Imaging Results
Eleven patients were included in this study with a mean follow-up of 38.5 months (range, 14 -78 months). Four patients had small ischemic lesions in both hemispheres, which were unchanged compared with the T2/FLAIR at the time of diagnosis. Two other patients, both treated with coil occlusion, had small ischemic lesions in the deep white matter of the ipsilateral hemisphere. These lesions had already been diagnosed directly postprocedure. In 1 of these patients, small ischemic lesions in the deep white matter of the right hemisphere had increased on late follow-up. However, this patient did not have any neurologic symptoms. The Table shows patient characteristics and clinical and angiographic results for all patients.
The 2 patients who were claustrophobic and were eventually excluded from participation did not have any neurologic symptoms after carotid balloon occlusion. Of the 6 patients who did not want to participate, 4 patients completely recovered after carotid balloon occlusion and did not have any neurologic symptoms. Two other patients who did not want to participate had neurologic symptoms. These symptoms were, however, not directly related to balloon occlusion of the carotid artery. In 1 patient, who initially presented with temporal epilepsy caused by a giant aneurysm of the right ICA, symptoms remained after permanent occlusion. MR imaging and angiography revealed an increased size of the aneurysm due to retrograde filling via the right ophthalmic artery and PcomA. Before further treatment of the aneurysm, extra-to-intracranial bypass surgery was performed, which was complicated by hemorrhagic infarction and eventually resulted in paresis of the left arm. The other patient had pre-existing right-sided hemiparesis and aphasia, caused by SAH from a basilar tip aneurysm, with secondary vasospasm and infarction of the left hemisphere. This patient was treated for a giant aneurysm of the right medial cerebral artery by balloon occlusion of the right ICA. On follow-up MR images, no ischemic injury was seen in the right hemisphere.
CBF
In 5 patients, CBF in the flow territory of the MCA on the occlusion side was 10% lower than that the contralateral MCA flow territory. No association was observed between lowered CBF in the MCA flow territories and the presence of ischemic lesions. In the group analysis, no significant CBF difference was found between the hemispheres (49.4 Ϯ 11.2 versus 50.1 Ϯ 10.1 mL/100 g/min) and between flow territories of the ACA (56.5 Ϯ 11.5 and 55.0 Ϯ 10.9 mL/100 g/min), MCA (56.8 Ϯ 11.7 and 59.8 Ϯ 10.8 mL/100 g/min), and PCA (55.4 Ϯ 14.3 and 53.1 Ϯ 12.4 mL/100 g/min) ipsilateral and contralateral to the occlusion (Fig 1A) .
Timing Parameters
The arterial arrival and trailing edge time were significantly prolonged in the hemisphere ipsilateral to carotid artery occlusion (816 Ϯ 119 ms versus 741 Ϯ 103 ms, P ϭ .001; and 1765 Ϯ 179 ms versus 1646 Ϯ 190 ms, P Ͻ .001; Fig 1B) . Arterial arrival and clearance of the labeled bolus were delayed in the hemisphere ipsilateral to the occlusion (Fig 2) .
Collateral Flow
On the basis of MRA, time-resolved PCMR, and selective ASL, 2 different patterns of collateral supply could be distinguished in our population (Fig 3) . In 2 patients, an anterior collateral flow pattern through the AcomA only could be observed ( Fig  3A) . In 9 patients, a mixed collateral flow pattern through the PcomA ipsilateral to the occlusion and AcomA was seen ( Fig  3B) . The mixed collateral flow pattern was further subdivided in a mixed pattern with (n ϭ 5) and without (n ϭ 4) a patent contralateral PcomA. None of the patients had a posterior collateral flow pattern (collateral flow through the ipsilateral PcomA only).
In patients with anterior collateral flow, flow through the cerebral arteries on the occlusion side was equally distributed across the ACA, MCA, and PCA (13%, 14%, and 16%, Fig 4) . In patients with mixed collateral flow (AcomA, ipsilateral PcomA), flow through the cerebral arteries on the occlusion side was mainly via the MCA (20% with and 23% without a functioning PcomA contralateral to the occlusion) with considerably less flow via the ACA and PCA (Fig 4) .
Patients with anterior collateral flow had prolonged timing parameters in the hemisphere on the occlusion side compared with patients with mixed collateral flow of both subtypes ( Fig  5) . In patients with mixed patterns, the presence of an ipsilateral PcomA and absence of a contralateral PcomA resulted in the shortest timing parameters.
Discussion
In this study, we quantitatively evaluated cerebral perfusion long term after therapeutic carotid artery occlusion for large and giant carotid aneurysms in patients with synchronous venous filling during BTO. To our knowledge, this is the first long-term CBF follow-up study after therapeutic carotid artery occlusion. The results of this study show that CBF values are within the normal range without a significant difference in absolute CBF between the hemispheres ipsilateral and contralateral to ICA occlusion. 27, 28 Also, no significant CBF difference could be observed between the flow territories of the ACA, MCA, and PCA of both hemispheres in the group analysis. The finding that there was no significant CBF difference between the hemispheres ipsilateral and contralateral to carotid occlusion is in concordance with expectations based on test occlusion and clinical outcome of patients after permanent carotid occlusion. 2, 6, 7 Arterial timing parameters were, however, significantly prolonged on the occlusion side. The fact that arterial arrival is delayed (75 ms on average) is not surprising because the labeled blood has to pass an elongated distance over the circle of Willis collateral system before reaching the brain tissue. A prolonged trailing edge time in the ipsilateral hemisphere could be due to a larger temporal spread of the diverted inflowing bolus and also to the presence of compensatory vasodilation resulting in increased cerebral blood volume and longer arterial transit times.
Flow measured in the circle of Willis arteries, combined with selective ASL flow maps of the remaining ICA and the BA, clearly illustrated the collateral flow pattern via the circle of Willis in all patients. Depending on the collateral pathway via the circle of Willis, timing parameters on the occlusion side were more or less affected. Timing parameters were increased in patients with anterior collateral flow compared with patients with mixed collateral flow, due to an elongated pathway via the AcomA. In patients with mixed collateral flow and an absent PcomA contralateral to occlusion, a relatively large amount of flow was via the MCA on the occlusion side. These patients had the shortest arterial timing parameters on the occlusion side. In our population, the absence of the contralateral PcomA thus seems to be in favor of hemodynamics that compensate for ICA occlusion. Future studies in larger patient populations should be undertaken to evaluate the influence of an absent or hypoplastic PcomA contralateral to the ICA occlusion.
Our findings are in clear contrast to the observation of the severely disturbed hemodynamics in patients with symptomatic ICA occlusion. Bokkers et al 16, 29 and Hendrikse et al 30 used pulsed ASL with multiple acquisition times in patients with symptomatic ICA stenosis or occlusion. They found significant CBF reductions and increased timing parameters in the hemisphere ipsilateral to the stenosis or occlusion compared with the contralateral hemisphere and compared with data from healthy controls. Bokkers et al 16 reported trailing edge times of 2225 Ϯ 167 ms in the frontal-parietal region of the hemisphere ipsilateral to ICA occlusion compared with 1593 Ϯ 35 ms in healthy controls. In our population, trailing edge times were 1765 Ϯ 179 ms in the hemisphere ipsilateral to the therapeutic occlusion and 1646 Ϯ 190 ms in the contralateral hemisphere.
Most probably, this difference is due to the inclusion of symptomatic patients in the study of Bokkers et al, 16 whereas in our study, patients had angiographic BTO with synchronous venous filling preceding therapeutic ICA occlusion. Each study corresponds, therefore, to a different side of the spectrum of (atherosclerotic) disease severity. Most important, this study shows that the presence of an occluded ICA in itself does not result in an impaired hemodynamic status of the brain. The observed hypoperfusion in patients with symptomatic carotid occlusion might be due to poor collateral supply in these subjects or to the presence of atherosclerotic disease in the peripheral cerebral vasculature. Only patients having sufficient collateral supply, as indicated by synchronous opacification of cortical veins during test occlusion, were treated by permanent occlusion. 2 In our population, the arterial arrival time in the hemispheres ipsilateral and contralateral to occlusion differed by 75 ms on average, while the difference in trailing edge time was 119 ms. Although arterial timing parameters cannot be directly compared with the venous measures used in test balloon occlusion, they clearly are within the 0.5-second timeframe that is used as a cutoff for synchronous opacification of cortical veins during test occlusion.
In addition to the previous work by Bokkers et al, 16, 29 Hendrikse et al, 30 and Macintosh et al, 17 this study demonstrates the feasibility of ASL with multiple TIs to measure perfusion and its temporal characteristics. Whereas previous studies included symptomatic patient populations, this study was the first to assess cerebral perfusion and its temporal characteristics in an asymptomatic patient population in whom increased delay time particularly is a reflection of the elongated route via collateral pathways.
Some limitations should be mentioned. First, we estimated CBF on the basis of an ASL sequence with a single TI because this sequence allows a larger imaging volume, identical to the imaging volume of selective ASL. Although the latter could introduce the risk of underestimation of CBF in the ipsilateral hemisphere due to delayed arrival of collateral flow, this was probably not the case in this study because data were acquired at a relatively long delay time of 2100 ms. Second, due to the low incidence of giant aneurysms (representing only 3%-5% of all intracranial aneurysms 9, 31 ), the population included in this study was limited. Also, only female patients were included in this study, attributable to the fact that there is a female predominance in the occurrence of intracranial aneurysms. 31 Although the current study population is homogeneous and the number of patients is too small to draw definitive conclusions, the results of this study do strengthen the hypothesis that in patients tolerating BTO, cerebral perfusion endures long term after therapeutic occlusion of the ICA.
Conclusions
In this study, we assessed CBF and timing parameters of inflowing arterial blood long term after therapeutic artery occlusion for large and giant aneurysms in patients who tolerated BTO. Although the arterial arrival and trailing edge times were prolonged in the hemisphere ipsilateral to occlusion, eventually CBF was not significantly affected. Our results, therefore, suggest that synchronous venous filling during angiographic BTO is associated with sustained CBF on the long term. 
